Abstract: This review summarizes the results obtained in 2011 toward the development of an Bintegrated optical oscilloscope,[ encompassing research on new technologies for the measurement of ultrafast optical pulses in both amplitude and phase through the use of integrated devices, some of which are compatible with electronic circuit technology (CMOS).
Introduction
Although electronics is approaching its inherent speed limits, the increasing demand for higher bandwidths is unrelenting. In the framework of signal transport, photonics has already demonstrated its superior performances, and now, optical interconnections are spread worldwide. Photonics is called now to the big challenge to complement, and in several cases replace, electronics. For this reason, the electronic-photonic scientific community works toward the development of all-optical approaches that can lead to the integration of various, fundamental optical functionalities on electronic compatible platforms, possibly complementary metal-oxide semiconductor (CMOS) compatible, pushing electronic systems toward photonics data speeds (Terahertz range and beyond) [1] - [10] . However, the success of this approach strongly depends on the availability of efficient methods to monitor Bon chip[ the optical data stream. To avoid the electronic bottleneck, the information flow has to be characterized ideally in an Ball-optical[ way, shrinking the actual device size to fit in the electronic-friendly microscopic world. With Ball optical methods[ we refer to all the approaches that optically manipulate the signal in order to employ a final slow optoelectronic detection for the measurement of the ultrafast pulse.
Optical telecommunications have firmly moved to coherent modulation formats, where the information is directly encoded in the phase of the optical signal, as well as in its amplitude. Therefore, it is becoming increasingly important to be able to measure the entire complex profile (amplitude and phase) of an optical waveform. This requires phase-sensitive measurement techniques operating at milliwatt peak power levels and on time scales down to the subpicosecond regimeVwell beyond what is achievable via direct optoelectronic detection. With the relentless increase in optical channel bit rates and the corresponding shortening in time of the optical pulses, standard amplitude characterization methods such as those performed using, for example, fast photodiodes, are becoming insufficient to adequately characterize the waveforms of interest; moreover, phase-sensitive measurements are needed in order to monitor optical phase-dependent phenomena, such as dispersion and nonlinear field-fiber interactions.
At the other end of the scale, photonics will undoubtedly play a fundamental role in the design of the next generation of computer processors, which very likely will implement optical methods to transport the signal to different parts of the chip. What is indeed clear to the electronics industry is that the next generation of miniaturization (the so-called exascale integration level [9] , [10] ) will in principle require an extreme density of copper-based interconnections, significantly increasing the chip power dissipation to unbearable levels. Hence, current approaches toward interconnects will need to undergo radical changes. Optics can offer high speed and low transfer energy per bit. The shift toward optical interconnects will also invariably involve increasingly significant degrees of signal processing at the optical level. Clearly, under this scenario, the ability to monitor optical signals directly on chipVparticularly with phase sensitivityVwill be fundamental to the success of this approach.
Major Achievements in 2011
A general trend in photonics in the last few years is toward developing techniques to measure or process optical pulses with increasingly more complicated amplitude and phase temporal variations, i.e., waveforms characterized by a high time-bandwidth product, often with large spectral bandwidth pulses exceeding several Terahertz, and extending over ultralong temporal durations, even beyond the nanosecond range [11] . Clever strategies have been adopted to extend the performance of coherent detection by using fast photodiodes. Fontaine et al. demonstrated, in 2010, the possibility of covering time durations of the order of 1 s for signals with bandwidths as high as 160 GHz [12] . The technique they propose exploits the design principle of a novel strategy for dynamic optical arbitrary waveform generation to implement the so-called time-interleaving detection [13] - [15] . The demonstration in 2011 of a static arbitrary waveform generator integrated in InP represents an important step forward toward the full integration of this approach [15] .
In a broad perspective, it is indeed natural to forecast that optical signal processing will have to be increasingly done in the optical domain to avoid the Belectronic bottleneck,[ and therefore, alloptical approaches for pulse characterization will be undoubtedly of fundamental importance. In the last two decades, significant advances have been achieved for the characterization of ultrafast, high repetition rate optical waveforms either in a repetitive fashion or in a single shot. All of these approaches will need to meet a series of stringent sensitivity and time-bandwidth requirements, and all will invariably benefit significantly from the use of integrated approaches.
Following the comprehensive review of Wamsley and Dorrer [16] , the approaches currently available for optical pulse characterization can be generally grouped into three main classes: i) spectrographic methods, based on the simultaneous characterization of the temporal and spectral properties of the pulse; ii) tomographic methods, based on the idea of temporal imaging, e.g., systems that exploit the concept of time lens and related strategies; iii) interferometric methods based on the encoding of the phase information of the pulse under test in a temporal or spectral interference pattern. All these strategies possess proven and effective all-optical implementations to achieve the widest photonic processing bandwidths. Frequency Resolved Optical Gating (FROG) [17] , time lens based on nonlinear parametric conversion [18] , and Spectral Phase Interferometry for Direct Field Reconstruction (SPIDER) [19] are prominent representatives of these three classes, and all are based on all-optical approaches that were initially demonstrated in bulk.
FROG techniques were the first to benefit from integrated waveguide implementations in order to enhance their sensitivity through the use of both quadratic and cubic nonlinearities [20] , [21] . Silicon photonics has enabled very compact devices based on cross phase modulation in nanophotonic waveguides [21] . However, while implementations using bulk optics have achieved single-shot operation, approaches based on integrated geometries require multiple measurements with different pulse delays, usually controlled via a variable free-space delay line. On-chip variable delays are still unachievable with the specifications required for FROG measurements, and to date, the complete integration of FROG devices in a CMOS compatible platform has not been reported.
In 2008, Foster et al. presented a time lens in an integrated silicon waveguide [23] , leading to the first demonstration of a silicon-based optical temporal oscilloscope. The measurement system was however insensitive to the optical phase. The demonstration of a phase-sensitive method based on a time lens in a nonlinear waveguide came from the same group in 2011 [24] . In [24] Londero et al. demonstrated a version of optical differential tomography in a nonlinear optical fiber, characterizing a pulse with 4 nm of bandwidth dispersed using up to 30 m of standard single mode fiber. Although this demonstration was not in an integrated platform, the technique itself is amenable for integration.
An increasingly popular group of methods for optical signal characterization is based on linear optical filtering for phase-to-intensity conversion (see [25] for a comprehensive review of these methods). These methods are purely self-referenced and they avoid the need to create an interference pattern. Li et al. [26] have employed an all-fiber ultrafast photonic temporal differentiator as the linear optical filter, i.e., the so-called phase reconstruction using Boptical ultrafast differentiation[ (PROUD) technique, demonstrating the characterization of optical pulses with durations ranging from the picosecond to the nanosecond regime. In 2009, this same group demonstrated single-shot and real-time measurements of microwatt-level continuous Gigahertz-rate data streams using an all-fiber PROUD setup [27] . The demonstration of integrated photonic temporal differentiators in CMOS compatible waveguides in 2011 by Rutkowska et al. [28] is promising for the full integration of this technique.
Sheared interferometry is one of the most adopted approaches for optical pulse characterization [19] , especially in its all-optical implementation that has been coined SPIDER. We recently [29] revisited the so-called X-SPIDER approach (that requires a reference pump) in order to perform the measurement using degenerate four wave mixing (DFWM) [30] . SPIDER approaches have traditionally been based on difference-frequency generation (DFG)-a second-order nonlinearity. The generalization of X-SPIDER to DFWM processes allows its implementation in centrosymmetric materials supporting third-order parametric processes [29] , [30] , which is clearly critical if one aims to realize these devices in CMOS compatible integrated platforms. The characterization of 1 THz bandwidth pulses stretched up to 100 ps (see Fig. 1 ) was achieved in a nonlinear integrated glass waveguide, with the aid of a novel reconstruction algorithm that we term Fresnel Limited Extraction Algorithm (FLEA). This work demonstrates the feasibility of a fully integrated CMOS two-port device that only requires the pulse under test and an incoherent reference as inputs for on-chip amplitude and phase ultrafast optical waveform characterization. 
Conclusion
Research on fully integrated techniques for the coherent measurement of ultrafast optical signals and pulses has continued to increase significantly. The results achieved in 2011 on the integration of all-optical methods in electronic compatible platforms seem promising for the development of an Bintegrated complex optical oscilloscope,[ meeting the stringent requirements demanded by coherent optical communications and related applications.
